Mathematical models which have been developed to predict the deposition of particles in the conducting airways of the lung require simplified anatomical models of the dimensions and geometry of the bronchial airways. In order to produce valid deposition predictions, the computed volumes of the conducting airways must be realistic in comparison to anatomical dead space. This requirement must be met even as the developing lung grows to maturity and then undergoes aging. The effect of these age-related changes on predicted particle deposition efficiencies has not been well studied. Numerous authors have suggested that differences in lung volumes (total lung capacity, functional residual capacity, dead space and tidal volume) may account for significant variations between predicted or observed particle deposition but no general agespecific relationship has been proposed. New models are proposed to describe changes in dead space as functions of age and body size, and methods to adjust existing anatomical models to various dead space predictions are given. Also, the effect of these modifications to anatomical models on particle deposition efficiencies are simulated for a variety of breathing patterns for models scaled to represent young children, adults, and aged persons.
INTRODUCTION
Methods for describing the deposition of inhaled particles in the human respiratory tract have received considerable attention in the last twenty years both from theoretical and experimental points of view (Agnew et al., 1984; Bohning et al., 1975; Chan and Lippmann, 1980; Raabe, 1982; Schlesinger et al., 1982; Taulbee and Yu, 1975; Yeh and Schum, 1980; Yu and Taulbee, 1977) . Knowledge of the regional deposition patterns of environmental and therapeutic aerosols has wide ranging applications in the areas of risk assessment, medical treatment and inhalation toxicology. Particles that deposit in the upper airways can produce a variety of effects ranging from therapeutic to impaired clearance, immunologie responses, and lung cancer to name a few.
Although considerable advances have been made in understanding inhaled particle deposition, there are still many significant unanswered questions, including those which relate to the wide variability seen in experimental results. Much of this variability has been attributed to either differences in breathing parameters or to morphological variability of the airways (Bennett, 1988; Heyder et al., 1988) . However, the relative importance of these two sources of variation is uncertain.
In addition to normal individual anatomical variability, the variation associated with growth and aging of the respiratory tract must also be considered in modeling aerosol deposition. With respect to the human bronchial tree, it is generally believed that the overall architecture of the lung is established at birth in terms of the numbers of bronchial segments and patterns of branching (Thurlbeck and Angus, 1975) , and that postnatal growth of the bronchial tree occurs due to increases in individual bronchial segment lengths and diameters from birth to adulthood. Once this growth phase is complete, additional volumetric changes may occur with age, presumably as muscle tone changes and airway diameters increase. As will be discussed later, the primary evidence for this increase in dead space volume comes from dead space measurements in human subjects and from measurements of airway dimensions on replica casts of bronchial trees.
The morphology of the human bronchial tree has been well studied and numerous models have been developed which describe the overall branching pattern (Weibel, 1963; Horsfield and Cumming, 1968; Horsfield et al., 1971; Phalen et al., 1985; Yeh and Schum, 1980) . In contrast to many other mammals, the human bronchial tree is generally dichotomously branched, as opposed to a monopodial branching scheme observed in animals such as dogs and rodents Yeh, 1979) . Early studies of the human bronchial tree made from resin casts of the airways (Rahn and Ross, 1957; Weibel, 1963) , provided a wealth of information about the tracheobronchial tree and spurred the development of mathematical models which could be used for predicting the deposition of inhaled particles. More sophisticated casting methods using flexible silicone rubber have since been used to expand our knowledge of the morphological variation of the bronchial tree (Kilpper and Stidd, 1973; Phalen et al., 1973; Raabe et al., 1976; Phalen et al., 1985) . Measurements of the dimensions of individual bronchial segments and of branching and gravity angles on these casts have been used to develop more realistic mathematical models of the bronchial tree , and these models continue to be used today for predicting deposition of inhaled particles in humans in a variety of theoretical deposition models (Cuddihy et al., 1988; Egan and Nixon, 1985; Xu and Yu, 1986) .
One aspect of these anatomical models is that they provide an estimate of the bronchial dead space volume (volume of the conducting airways from trachea to terminal bronchioles). In reality, this dead space can be quite variable, both from individual to individual, and also for a single individual over the course of a lifetime (Gaultier, 1989; Griscom and Wohl, 1985; Wood et al., 1971 (Altman and Dittmer, 1971; EPA, 1985) (Wood et al., 1971; Malmberg et al., 1987; Tatsis et al., 1984) . For our initial model development, we will assume a single body size for each age (Phalen et al., 1985) (Cotes, 1979; Sixt, 1989 (Tatsis et al., 1984) so approximations must be made. In the adult this approximate value is accepted to be about 150-160 cm3 (West, 1974 (West, 1974) .
Some studies have shown that functional dead space increases from birth to adulthood (Hart et al., 1963; Wood et al., 1971) . These studies show that dead space increases as a function of body mass (and also height), and the values reported are similar. The studies by Hart et al. (1963) yield a somewhat steeper regression slope from that of Wood et al. (1971) (Hart et al., 1963) . In contrast, the morphometrically-based models of the bronchial tree provide the volumes of the conducting airways exclusive of the extrathoracic volume. In the adult the volume of the mouth, oropharynx and larynx is about 50-60 cm3 (Altman and Dittmer, 1971) and this value has been used in other lung models (Raabe, 1982 (Hofmann et al., 1989; Xu and Yu, 1986) . Others have used a body size parameter as a scaling variable (James and Roy, in press). Since airflows in the lung are often assumed to be approximately proportional to cross-sectional areas at airway bifurcations, we selected trachéal cross-sectional area during growth as a scaling variable for extrathoracic dead space. Using computed tomography, Griscom and Wohl (1985) have studied trachéal growth in subjects to age 20 and report various trachéal measurements including diameters and crosssectional areas. These measurements support the assumption that the ratio of trachéal cross-sectional area in subadults to the adult value can be used to predict the volume of extrathoracic airways for various subadult age groups.
To examine the effect of scaled dead space on particle deposition, it is necessary to select the anatomical model data. Thus, we will review some of the common models. Phalen et al., 1973) . The measurements of bronchial segments included generation-specific branching angles and angles of inclination to gravity. Yeh and Schum (1980) developed a model using these data, based on the concept of a "typical path" from trachea to terminal bronchiole to represent the whole lung as well as separate models for the individual lobes of the lung. The total volume of the tracheobronchial airways in this model is 221 cm3. As a result of the casting procedure, these dimensions are thought to be representative of the lung volume at total lung capacity. These dimensions were adjusted downwards prior to particle deposition calculations as described in Schum and Yeh (1980 (1985, 1988 (Taulbee and Yu, 1975; Egan and Nixon, 1985) .
In the second method, the bronchial tree is modeled as a series of parallel, cylindrical tubes occurring in discrete generations or divisions down from the trachea. The velocity in daughter segments is generated by assuming that the airflow is proportioned equally to daughter segments and is inversely proportional to cross-sectional area. Mechanistic equations describing deposition in individual bronchial segments by the main processes of diffusion, impaction and sedimentation are used to calculate deposition efficiencies and total efficiency in each generation is computed and summed for all generations. Complete details of the computational method are given in Schum and Yeh (1980) . We selected this second method for calculating particle deposition, and the deposition equations used are given in Phalen et al. (1990) .
For the particle deposition calculations, anatomical models with different dead space volumes were generated using a scaling approach similar to that used by Schum and Yeh (1980) (Lippmann, 1977 The predicted deposition efficiencies in Fig. 4 were calculated using a constant inspiratory flow rate and are for the inhalation phase of a breathing cycle. To estimate exhalation deposition efficiencies, the filtering effect of the pulmonary compartment must be known in addition to the aerosol fraction removed on inspiration. However, we do not have anatomical models for the pulmonary compartment in children which contain sufficient information about weight, height, age and lung volumes that allow the models to be easily coupled to our tracheobronchial models scaled to various anatomic dead spaces for particle deposition calculations. In order to determine whether or not our results for inhalation would hold up when exhalation was included in the model, it was necessary to adapt an existing pulmonary deposition model.
Recently, Hofmann et al. (1989) have published deposition calculations which included estimated pulmonary deposition fractions for adults and children, and which we have selected as representative for the range of parameter values used for our deposition calculations. By adding their estimated pulmonary deposition to our calculated inspiratory deposition (both done for mouth breathing), we estimated what the concentration, as a fraction of that entering the trachea, would be at the respiratory bronchiole at the beginning of exhalation (analogous to initializing the concentration at the trachea to 100% on inspiration). This "initial concentration on expiration" was then used to complete the calculations for expiration. Following Yeh and Schum (1980) , we assumed that there was no deposition by the impaction mechanism during exhalation.
In Tables 2 and 3 we compare the predicted particle deposition efficiencies as functions of age (adult and two year old child), activity (resting and heavy exertion), and anatomic dead space. Since no significant dead space effects were observed in the smaller particle size range in Fig. 4 (1985) scaled to dead space volumes of 20 cm3 and 40 cm3 for two levels of physical activity. These results clearly show that inertial impaction is the dominant mechanism underlying the increased deposition efficiencies predicted for lungs scaled to smaller dead space volumes. At the higher flow rates, the effects are magnified. On exhalation, where no impaction deposition is included in the deposition equations, greater deposition is observed in the larger dead space models due to an increased particle residence time mainly increasing the sedimentation efficiency. In the range of particle sizes where the effects are the greatest (1-5 pm), diffusion is small compared to sedimentation.
The results for the adult models shown in Table 3 (Bennett, 1988) . However, given the wide range of dead space volumes seen between individuals, it seems likely that lung morphology accounts for a substantial portion of the variability seen in experimental studies.
The greater deposition efficiencies seen in anatomical models with smaller dead space volumes is particle size dependent with the maximum differences observed in the 2-5 pm aerodynamic size range. In this size range, deposition is generally dominated by impaction (Bohning et al., 1975; Raabe, 1982 (Martin et al., 1979) , so anatomic models scaled to these values, and computational particle deposition models must further adjust the scaled airway dimensions depending on tidal volumes used (e.g. Schum and Yeh, 1980) . Functional dead space volumes are strongly correlated with height and body mass of the subjects, with a wide range of values reported, and "mean" values for anatomic dead space generally obscure these relationships. Our results underscore the variability in particle deposition predictions which can result from variation in dead space alone.
Our results have a number of restrictions stemming from the many assumptions which must be made, the most fundamental of which is the concordance of anatomic models such as the "typical path" of Yeh and Schum (1980) . However, particle deposition calculations using this model are in good agreement with experimental observations in living subjects. Our results suggest that some of the differences between predicted and observed deposition may result from differences in dead space which cannot be controlled in experimental studies. Our results are primarily applicable for the inspiratory phase of a single breath. Additional deposition will also occur on expiration, but this will be strongly influenced by the amount of particle size-dependent pulmonary deposition. Also, we have made no corrections for extrathoracic deposition which will tend to reduce the degree of differences seen in our results for larger particle sizes particularly for nose breathing.
Other restrictions affecting the interpretation and use of the results include particle characteristics (assumed to be spherical, 1 gm/cm3 density, nonhygroscopic and uncharged), respiratory characteristics (constant inspiratory flow rate, no pause, well mixed bulk flow), and the suitability of the computational model and deposition equations to accurately predict upper airway particle deposition.
